We solve the equations of radiation hydrodynamics in the two-temperature fluid approximation on an adaptive grid. The temperature structure depends upon the electron-ion energy exchange length, lei, and the electron conduction length, lec. Three types of radiating shock structure are observed: subcritical, where preheating of the unshocked gas is negligible; electron supercritical, where radiation preheating raises the temperature of the unshocked electron fluid to be equal to the final electron temperature; supercritical, where preheating and electron-ion energy exchange raise the preshock Te,i to their final post shock values. No supercritical shock develops when lei is larger than the photospheric depth of the shocked gas because a negligible amount of the ion energy is transferred to the electrons and the shock is weakly radiating. Electron conduction smooths the Te profile on a length scale lec, reducing the radiation flux.
Introduction
The structure and dynamics of radiative shock waves are difficult to model because processes in the shock front occur on length scales that are many orders of magnitude smaller than the typical length scales for other gradients in the fluid variables (e.g. the velocity field in an accretion flow). There are two standard methods for computing the structure of shocked fluids. The first is to treat the shock as a discontinuity and invoke conservation laws to relate physical quantities on either side of the shock. Analytic models of shock waves in plasmas have been constructed using this approach (Zel'dovich and Raizer 1967; Shafranov 1967) but these solutions require many simplifying assumptions which limit the applicability of the results. The second method, common in numerical solutions, is to introduce an expression for an artificial viscosity to spread the shock over a few grid points. The magnitude of the artificial viscosity is usually chosen to be many orders of magnitude larger than the physical viscosity because the Courant limit imposes strong constraints on the maximum time step (Klein et al. 1983; Burger and Katz 1983) .
Formulating the numerical problem on an adaptive grid can dramatically increase the effective resolution of the grid and reduce the spurious effects of artificial viscos-Correspondence to: D. Mihalas, Applied Theoretical and Computational Physics Division, Group XTM MS-D409, Los Alamos National Laboratory, Los Alamos, NM 87545, USA ity. Dorfi and Drury (1987) solved the one-dimensional hydrodynamic equations on an adaptive grid. They adopted a simple grid equation which distributes grid points uniformly along the arc length of a graph of the solution variables and solved two standard problems: the shock tube and a spherical blast wave. In both cases, the adaptive grid concentrated many grid points at discontinuities in the flow. Although artificial viscosity is still needed to spread the discontinuity over a few grid points, the physical separation of each point is small compared to the length scale of the gradients in the physical quantities and the shock front appears infinitely steep. Gehmeyr and Mihalas (1994) demonstrated that this same equation can be used to resolve discontinuities in radiating flows and they performed a preliminary numerical study of radiating shock waves. A detailed study of the structure of a radiating shock wave for a single temperature fluid was carried out in Paper I (Sincell et al. 1997) . In this paper, we extend the work of Paper I to a fully ionized plasma.
The gas upstream of the shock is assumed to be cold and at rest. However, we assume that the gas is always fully ionized. A supersonic piston (speed u p ) drives a collisional shock wave into the cold gas and the wave propagates into the unshocked material at a speed D > u p . The structure of the shock front is steady when viewed in a reference frame moving with the front and, in this frame, the upstream gas flows into the shock at the shock speed D. The shocked gas moves away from the discontinuity at a velocity D − u p .
The kinetic energy of the inflowing gas is converted into thermal energy of the ions. The ratio of the kinetic energy transferred to the ions to that transferred to electrons is ∼ m i /m e , where m i,e are the masses of the ions and electrons, respectively. As a consequence, the increase in the electron temperature caused by viscous heating at the shock front is negligible. The dominant source of electron heating at the shock front is adiabatic compression. The plasma remains neutral and so the electron number density must change in strict proportion with the ion density. This results in compressional heating of the electrons as the gas passes through the discontinuity. For a gas with an adiabatic index of 5/3, this increases the electron temperature by at most a factor of 2.5 (Zeldovich and Raizer 1967) .
The ratio of the electron and ion temperatures outside of the shock front is determined by two length scales. The ion temperature exceeds the electron temperature to a distance l ei ∼ τ ei D behind the shock, where τ ei is the time scale for energy exchange between the electron and ion fluids. Electron conduction transports energy over a distance l ec ∼ κ ec /D, where κ ec is the electron conduction coefficient. Conduction can raise the preshock electron temperature above the ion temperature.
The electron gas upstream from the shock is also heated by radiation from the shocked gas. If the shock is strong enough, the temperature of the preheated electron fluid rises to be equal to the temperature of the shocked gas. At this strength the shock is called supercritical. A full discussion of sub-and supercritical shock waves is found in Paper I.
We compute the structure of a radiating shock wave in a fully ionized gas for a simple model problem: a piston moving supersonically through a spherical shell of cold gas at initially constant density. We also assume that the electron-ion energy exchange rate is directly proportional to the difference in the electron and ion temperatures and the electron conduction flux is proportional to the electron temperature gradient. The proportionality coefficients are all taken as constants. Although this model is too simplified to treat realistic problems, it demonstrates the power of the adaptive grid when applied to two-temperature flows and illustrates the effects of conduction and electronion energy exchange on the structure of the shock wave.
The equations and methodology are discussed in Sect. 2 and the results for a series of models are presented in Sect. 3. We conclude in Sect. 4.
Equations and methodology
We use the TITAN code (Gehmeyr and Mihalas 1994; Paper I) to solve the time-dependent equations of radiation hydrodynamics on an adaptive grid. Gehmeyr and Mihalas (1994) provide a detailed description of TITAN so we will only summarize the key features of the code here. The equations of radiation hydrodynamics in the two fluid approximation (electron and ions are treated as separate fluids) are: the continuity equation;
the gas momentum equation;
the radiation momentum equation;
the radiation energy equation;
and the total energy equation;
ρD t e e + e i + E r ρ + ∂(r 2 F r ) r 2 ∂r
where D t (x) = ∂x/∂t + u∂x/∂r is the Lagrangean time derivative operator. We assume a perfect gas equation of state with an adiabatic index of γ = 5/3, a constant absorptive opacity (κ), electron conduction coefficient (κ ec ) and the electron-ion energy exchange coefficient (Λ ei ). The radiation pressure (P r ) and energy density (E r ) are related by a variable Eddington factor, f E = P r /E r . The Eddington factors are computed with a formal integration of the time-independent radiative transfer equation (e.g. Mihalas and Mihalas 1984) and updated during each time-step. The remaining variables in these equations represent the radius (r), the gas density (ρ), gas velocity (u), electron and ion gas pressures (P e,i ), electron and ion gas energies per unit mass (e e,i ), electron temperature (T e ), radiation flux (F r ) and the artificial viscosity (P Q , see Paper I). We neglect electron viscosity because it is typically smaller than the ion viscosity by a factor (m e /m i ) 1/2 . The radiation hydrodynamic equations (1)-(6) are supplemented with the adaptive grid equation (Gehmeyr and
